C. Ultrastructural analysis of autaptic synaptic contacts. Representative EM images of control and silenced autaptic neurons: from left to right: low magnification electron micrograph of an entire autaptic neuron (scale bar, 20 µm) and close-ups of control and PRRT2-KD autaptic neurons at 14 DIV (scale bar, 200 nm). The synaptic area and active zone length were comparable in control and silenced autaptic neurons (synaptic area: 1.039 ± 0.099 µm 2 and 0.967 ± 0.062 µm 2 ; active zone length: 0.455 ± 0.027 µm and 0.403 ± 0.035 µm; means ± SEM from 86 and 65 autapses for Scr and PRRT2 sh-RNA-infected neurons, respectively from 5 independent neuronal preparations). D. Morphometric analysis of control and PRRT2-KD synapses. PRRT2 KD synapses show a decreased number of SVs with a higher number of SV docked at the AZ. E. Distribution of SVs in autaptic terminals of Scr-treated (black symbols) and Sh4-treated (red symbols) neurons. The percentage of SVs located within successive 50 nm shells from the AZ is given as mean ± SEM as a function of the distance from the AZ. F. Morphometric analysis of SV diameter in control and PRRT2-KD synapses. Data are shown as means ± SEM from n= 86 and 65 for control and PRRT2-KD neurons, respectively from n=5 independent preparations. *p<0.05, **p<0.01, unpaired Student's t-test (D,F) and Kolgomorov-Smirnov test (E). 
(11) . 7) . Expression of Syt1 and Syt2 in low-density and autaptic primary hippocampal neurons after PRRT2 silencing A. Double-staining of low-density hippocampal neurons (top row) or autaptic hippocampal neurons (bottom row) with rabbit Syt1 antibodies (1:250; green) and mouse Syt2 antibodies (1:25; red). In the merge panel shown on the right, nuclei are stained with DAPI (blue). Insets: higher magnification of synaptic boutons shows partial co-localization of the two Syt isoforms (arrow). Scale bar, 10 µm. B. Expression levels of pre-and post-synaptic proteins in low-density hippocampal neurons transduced with either Scr or Sh4 or left non-infected. Neurons were infected at 7 DIV and harvested at 15 DIV. Samples were separated by SDS-PAGE and analyzed by immunoblotting with antibodies to Syt1, Syt2, SNAP-25, synaptophysin-1 (Syp1) and PSD95. Left: a representative immunoblot is shown. Vertical lines in the blot indicate that the lanes were on the same gel, but have been repositioned in the figure. Immunoreactivity for GAPDH was used as a control for equal loading. Right: Immunoblots were quantified by densitometric analysis. The expression level of the various presynaptic proteins in PRRT2-KD neurons, calculated in percent of the levels in Scr-treated neurons, is shown as means ± SEM of n=5 independent experiments. **p<0.01, ***p<0.001 vs Scr-treated neurons; °p<0.05 Syt1 vs other synaptic proteins; ANOVA/Dunnett's multiple comparison test. C. Overexpression of Syt2 in low-density and autaptic primary neurons. Left: representative western blot of Syt2 expression in low-density hippocampal neurons that were non-infected (NI), infected with the empty vector (EV) or infected with the Syt2 overexpressing vector. Immunoreactivity for GAPDH was used as a control for equal loading. Right: Syt2 immunoreactivity in autaptic neurons that were transduced with either empty vector (EV) or Syt2 overexpressing vector. Scale bar, 10 µm.
SUPPLEMENTAL EXPERIMENTAL PROCEDURES
Generation of PRRT2 shRNAs and sh-resistant PRRT2. Based on the ORF of mouse PRRT2 transcript, 5 shRNAs were designed (Mission shRNA custom cloning, Sigma-Aldrich): Sh1: GGCCACAGACCTCAGTTTAAA Sh2: GAGGTCCTGACAGAAAGTACA Sh3: CTCGGGACTATATCATCCTTG Sh4: CATGTGGCCTGTCAACATTGT Sh5: TGTCCAGGTTGTAGCAGAGAT As a negative control, we used the following scrambled ShRNA sequence, based on the sequence of Sh1:
GCCGACACTCGTCAGTTTAAA. An additional control ShRNA, with a fully unrelated sequence that does not target any known human or mouse genes (Luciferase shRNA; Sigma-Aldrich) was occasionally used with similar results. Sequence alignment of human and mouse PRRT2 regions targeted by the five shRNAs (see below, highlighted in yellow) revealed the presence of several mismatches with the human sequence, accounting for the specificity of the shRNAs in knocking down the endogenous mouse PRRT2 expression.
For rescue experiments, we generated PRRT2-Cherry Sh1-res and PRRT2-Cherry Sh4-res constructs carrying silent mutations that render them insensible to knocking-down. SH1 resistant: GGCCACAGACCTGAGCCTGAA SH4 resistant: CATGTGGCCAGTGAATATCGT Synaptosome preparation. Synaptosomes were purified from the P2 fractions by centrifugation on discontinuous Percoll gradient from the pooled cortex of three adult mice (3-6 months old). The tissue was homogenized in 10 ml of ice-cold HB buffer (0.32 M sucrose, 1 mM EDTA, 10 mM Tris, pH 7.4) containing protease inhibitors, using a glass-Teflon homogenizer. The resultant homogenate was centrifuged at 1,000 x g for 5 min at 4°C in order to remove nuclei and debris and the supernatant was further centrifuged at 18,900 x g for 10 min at 4°C to obtain the P2 fraction. The pellet was resuspended in 2 ml of HB buffer and gently stratified on a discontinuous Percoll gradient (3%-10%-23%). After a 10 min centrifugation at 18,900 x g at 4°C, the synaptosomal fraction from the 10% and 23% Percoll interface was collected, washed in Krebs buffer (140 mM NaCl, 5 mM KCl, 5 mM NaHCO 3 , 1.3 mM MgSO 4 , 1 mM phosphate buffer pH 7.4, 10 mM Tris/Hepes pH 7.4) to eliminate Percoll and used as the starting material for subsequent ultrafractionation.
Ultrasynaptic fractionation. Ultrasynaptic fractionation was performed as previously described (Phillips et al., 2001; Feligioni et al., 2006) . Briefly, synaptosomes were pelleted by centrifugation (16,000 x g, 5 min, 4°C) and resuspended in 300 µl of 0.32 M sucrose, 0.1 mM CaCl 2 . An aliquot was removed and kept as total. Protease inhibitors were used in all purification steps. Synaptosomes were then diluted 1:10 in ice-cold 0.1 mM CaCl 2 and mixed with an equal volume of 2X solubilization buffer (2 % Triton X-100, 40 mM Tris, pH 6, 4°C). After a 30 min incubation at 4°C, the insoluble material (synaptic junction) was pelleted by centrifugation (40,000 x g, 30 min, 4°C). The supernatant (non-synaptic synaptosomal protein; NSSP) was decanted and the proteins precipitated with 6 volumes of acetone at -20°C overnight and then centrifuged (18,000 x g, 30 min, -15°C). The synaptic junction pellet (containing the insoluble postsynaptic density and the presynaptic active zone) was resuspended in 10 volumes of 1X solubilization buffer (1% Triton X-100, 20 mM Tris, pH 8, 4°C), incubated for 30 min at 4°C and then centrifuged (40,000 x g, 30 min, 4°C). The proteins in the supernatant (active zone, AZ) were precipitated in 6 volumes of acetone at -20°C overnight and then centrifuged (18,000 x g, 30 min, -15°C), while the pellet was kept as postsynaptic density fraction (PSD). All pellets (PSD, AZ, NSSP) were resuspended in 5% SDS, quantified by BCA assay, and loaded on SDS-PAGE gels for electrophoresis and consecutive Western Blotting.
Subcellular fractionation for SV purification. Subcellular fractions were prepared from rat forebrain, and SVs were purified through the step of controlled-pore glass chromatography as described (Huttner et al., 1983) . Aliquots of purified SVs were exposed to 200 mM NaCl treatment, which results in quantitative removal of extrinsic SV proteins such as synapsin I. Both untreated and salt-treated SVs (USV and SSV, respectively) were resuspended in 0.3 M glycine, 5 mM Hepes/NaOH, pH 7.4, at a protein concentration of 1.5-2 mg/ml.
Western blotting and antibodies. Protein concentration of the samples was determined using the BCA or Bradford assay and equivalent amounts of protein were subjected to SDS-PAGE on 10-12% polyacrylamide gels and blotted onto nitrocellulose membranes (Whatman). Blotted membranes were blocked for 1 h in 5% milk in Tris-buffered saline (10 mM Tris, 150 mM NaCl, pH 8.0) plus 0.1% Triton X-100 and incubated overnight at 4°C with the following primary antibodies: rabbit anti-PRRT2 (1:500, Sigma-Aldrich), rabbit antisynaptophysin-1 (1:5000, Synaptic Systems), rabbit anti-SNAP-25 (1:1000, Cell Signaling), mouse anti-PSD95 (1:3000, Synaptic Systems), rabbit anti-Synaptotagmin-1 (1:1000, Synaptic Systems), rabbit antiSynaptotagmin-2 (1:1000, Synaptic Systems), rabbit anti-Syntaxin 1A (1:1000, Synaptic Systems), rabbit antiVamp2 (1:1000, Synaptic Systems), rabbit anti-Munc18-1 (1:2000, Synaptic Systems), rabbit anti-Complexin 1/2 (1:2000, Synaptic Systems), rabbit anti-RIM1 (1:1000, Synaptic Systems), rabbit anti-RIM binding protein-1 (1:1000, Synaptic Systems), rabbit anti-GAPDH (1:10000, Cell Signaling), rabbit anti-calnexin (1:15000, Sigma-Aldrich). Membranes were washed and incubated for 1 h at room temperature with peroxidaseconjugated goat anti-rabbit (1:5000; Bio-Rad) or with peroxidase-conjugated goat anti-mouse (1:5000; Bio-Rad) antibodies. Bands were revealed with the ECL chemiluminescence detection system (Thermo Scientific, Waltham, Ma, USA).
Pull down and co-immunoprecipitation assays.
Nterm-3XFlag-PRRT2 and Flag-bacterial alkaline phosphatase (3XFlag-BAP) as a control (Sigma-Aldrich, cat. E7658) were overexpressed in HEK293T cells and purified by anti-Flag M2 Affinity gel (Sigma-Aldrich). The immunocomplex was incubated for 4 hrs with crude synaptosome extracts (P2) prepared from mouse brain in lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM TrisHCl pH 7.4, 1 mM EDTA pH 8.0, with protease inhibitor cocktail) to allow the binding of potential interacting proteins. Pulled down proteins together with aliquots of the input material and the supernatants were analyzed by Western blotting with antibodies directed against presynaptic proteins. For immunoprecipitation (IP), 10 µg of either anti-Syt1 antibodies (mouse clone 41.1, Synaptic Systems) or anti-Syt2 antibodies (mouse ZNP-1; Abcam) or mouse/rabbit control IgGs (Sigma-Aldrich) were pre-coated with Protein G Sepharose resin (GE Healthcare) overnight and incubated with total mouse brain lysate in IP buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 2 mM EDTA, 1% Triton X-100). After extensive washes in IP buffer and detergent-free IP buffer, samples were resolved by SDS-PAGE and subjected to western blotting with anti-PRRT2 antibodies.
RNA extraction and real time PCR.
Total RNA was extracted by using the RNeasy Mini or Micro Kit (Qiagen) and then treated with DNase with the DNA-free DNA Removal kit (Ambion), following manufacturer's instructions. RNA concentration was quantified by using the Nanodrop-1000 spectrophotometer (Thermo Scientific). Retrotranscription was performed on equal amounts of RNA by using the M-MLV Reverse Transcriptase and random primers (Invitrogen), following manufacturer's instructions and including RTnegative controls. Real time PCR analyses were performed using the SYBR Green I Master mix (Roche), on a Lightcycler 480 (Roche), with the following protocol: 95°C for 5 min; 10 s at 95°C / 20 s at the specific annealing temperature (T a ) / 10 s at 72°C for 45 cycles; melting curve (heating ramp from 55°C to 95°C) in order to check for amplification specificity. The following primers (final concentration 0.25 µM) and annealing temperatures were used:
CTCAGGCTCCCTTGGTCCCTAG, T a =63°C; H3f3a For GTGAAGAAACCTCATCGTTACAGGCCTGGT, H3f3a Rev CTGCAAAGCACCAATAGCTGCACTCTGGAA, T a =64°C; Tbp For GAGCTCTGGAATTGTACCGCAG, Tbp Rev CATGATGACTGCAGCAAATCGC, T a =62°C; Tubb3 For GCGTATACTACAATGAGGCCTCC, Tubb3 Rev GTTGCCAGCACCACTCTGACC, T a =63°C; Hprt For CAGACTGAAGAGCTACTGTAATG, Hprt Rev GGGCTGTACTGCTTAACCAGG, T a =62°C. Relative quantification of PRRT2 expression was made using the 2 -ΔΔCt method (Pfaffl, 2001) , normalizing data to the geometric mean of three housekeeping transcripts (H3f3a, Tbp, Hprt for primary neurons and H3f3a, Tbp, Tubb3 for tissue samples) (Vandesompele et al., 2002) and to a calibrator (developmental stage at which the peak of expression was observed: 10 DIV for primary hippocampal neurons, 14 DIV for primary cortical neurons and P60 for tissue samples).
Cell culture procedures. Low-density and autaptic hippocampal neurons were prepared from C57BL6/J mice as previously described (Baldelli et al., 2007) . Animals were sacrificed by CO 2 inhalation, and 17/18-day embryos (E17-18) were removed immediately by cesarean section. In brief, hippocampi or cerebral cortices were dissociated by enzymatic digestion in 0.125% Trypsin for 20 min at 37°C and then triturated with a firepolished Pasteur pipette. No antimitotic drugs were added to prevent glia proliferation. Autaptic neurons were prepared as described previously (Bekkers and Stevens, 1991; Chiappalone et al., 2009 ) with slight modifications. Dissociated neurons were plated at very low density (20 cells/mm 2 ) on microdots (40-300 µm in diameter) obtained by spraying a mixture of poly-D-lysine (0.1 mg/ml) and collagen (0.25 mg/ml) on petri dishes, previously pretreated with 0.15% agarose. Both glial cells and single autaptic neurons were present under this culture condition.
Immunocytochemistry and analysis of synapse density. Neurons were fixed at 14 DIV (7 days post-infection) in 4% formaldehyde, freshly prepared from paraformaldehyde, in 0.1 M phosphate buffer, pH 7.4 (PB) for 20 minutes at room temperature (RT) and immunostained for SNAP-25, synaptophysin, vGLUT1 and tGFP in various combinations. Briefly, after several washes in phosphate-buffered saline (PBS), cells were permeabilized and blocked for 30 minutes in 5% Normal Goat Serum (NGS), 0.1 % saponin in PBS and then incubated with primary antibodies diluted in 5% NGS and 0.1% saponin in PBS up to two hrs. Antibodies were used as follows: anti-SNAP-25 (1:200; Synaptic Systems), anti-synaptophysin-1 (1:200; Synaptic Systems), anti-VGLUT1 (1:1000; Synaptic Systems #135304), anti-tGFP (1:200; Origene #TA150041). Neurons were then washed twice in 0.1 % saponin or Triton X-100 in PBS and blocked for 10 min in 5 % NGS and 0.1 % saponin or Triton X-100 in PBS before being incubated in the same buffer with Alexa conjugated secondary antibodies (1:500, Invitrogen). After several washes in PBS coverslips were mounted using Prolong Gold antifade reagent with DAPI staining (Invitrogen). As a control for the staining and the acquisition procedure the primary antibodies were omitted. Images were acquired using a 63X objective in a Leica SP5 confocal (Leica Microsystem, Vienna). For the analysis of synapse density, low density hippocampal neurons were infected at 7 DIV and processed for immunofluorescence at 14 DIV. Cells were rinsed once with Krebs-Ringer's solution (KRH)-EGTA (130 mM NaCl, 5 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 2 mM MgCl 2 , 2 mM EGTA, 25 mM Hepes, 6 mM glucose, pH 7.4), fixed for 15 minutes with 4% paraformaldehyde, 4% sucrose in 120 mM sodium phosphate buffer, pH 7.4, supplemented with 2 mM EGTA. Coverslips were rinsed twice with phosphate-buffered saline (PBS) and then incubated overnight at 4°C into a humidified chamber with the primary antibodies (mouse antiBassoon (1:200, Stressgen) and rabbit anti-Homer 1 (1:150, Synaptic Systems) diluted in goat serum dilution buffer (GSDB; 15% goat serum, 450 mM NaCl, 0.3% Triton X-100, 20 mM sodium phosphate buffer, pH 7.4). Cells were washed three times with PBS and then incubated with the appropriate secondary antibodies for 1 hour at room temperature. After three washes with PBS for 10 min each, coverslips were mounted with Dako fluorescence mounting medium. Specimens were acquired with an Axio Imager.A2 microscope (Zeiss, Oberkochen, Germany) and images were processed using the colocalization plugin of ImageJ: five dendrites per neuron were selected, and the colocalization analysis was performed between images after subtracting an appropriate threshold to evaluate the simultaneous presence of a pre-and a post-synaptic protein (Bsn and Homer 1, respectively). We considered the colocalization puncta with an area in the range of 0.1-1 µm 2 , corresponding to an overlapping area of pre-synaptic and post-synaptic proteins to identify bona fide synaptic boutons. We counted the puncta present within 30 µm dendrite tract starting from the cell body. Data are referred to three independent experiments carried out in duplicate. Ten neurons for each sample were analyzed. Statistical analysis was performed using the Student's t-tests, comparing the Sh-RNA treated sample to the corresponding scramble control.
Live imaging of exo-endocytosis. Hippocampal cultures, grown onto poly-L-lysine-treated glass coverslips, were put in the stimulation chamber (Warner Instruments, Hamden, CT), immersed in Tyrode Solution (140 mM NaCl, 3 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES-buffered to pH 7.4, 10 mM glucose) and located on the stage of an IX-81 motorized inverted epifluorescence microscope (Olympus, Hamburg, Germany). The imaging buffer was supplemented with glutamate receptor inhibitors (CNQX 10 µM; APV 50 µM; TOCRIS) to reduce spontaneous activity and prevent recurrent excitation during stimulation. An MT20 Hg-Xe lamp (Olympus) was used as light source with 480±20 nm excitation, 495 nm dichroic and 525±50 nm emission filters to detect the GFP (SypHy or tGFP) signal and 560±40 nm excitation, 585 nm dichroic and 630±75 nm emission filters to detect the SypHy m-Orange2 or the m-Cherry signal. Time-lapses were acquired at 1 Hz for 100 s with an Orca-ER IEEE1394 CCD camera (Hamamatsu Photonics, Hamamatsu City, Japan) using a UplanSapo 60X1.35 NA oil-immersion objective (Olympus). Cells were maintained in a saline solution at room temperature through a laminar-flow perfusion and the selected field was stimulated after 10 seconds of baseline acquisition. Action potentials (AP) were evoked by passing 1-ms current pulses through platinum-iridium electrodes using a AM 2100 stimulator (AM-Systems, Carlsborg, WA). One image on GFP/mCherry channel was acquired at the beginning of each experiment to verify the PRRT2 silencing on the processes to be analyzed by pHluorin assay. Circular ROIs of 1.7 mm diameter were positioned manually at the center of each responsive synapse. To evaluate the effects of PRRT2 silencing on SV trafficking, stimulation protocols were applied to estimate the release from either the readily releasable pool (40 action potentials @20Hz) or the recycling pool (400 action potentials@20Hz) (Fassio et al., 2011 ). After 10 s of baseline acquisition (F 0 ), neurons were stimulated in the presence or absence of 1 µM bafilomycin and finally subjected to alkalinization by perfusion with 50 mM NH 4 Cl (F max ). Images were analyzed using the Xcellence RT software (Olympus). The total increase in the fluorescence signal (ΔF) was calculated by subtracting F 0 and the ΔF was normalized to the fluorescence value obtained by alkalization of the entire vesicle pool using NH 4 Cl (ΔF max ). The time constant of endocytosis (τ decay phase) was calculated by the fitting the post-stimulus decay with a single-exponential function. To get release rates, the traces recorded during stimulation were fitted as single exponential functions and the relative kinetics were plotted as time constants of release (τ rising phase). N refers to the number of coverslips analyzed from 3-4 different preparations. Data were collected from 20-40 boutons per coverslip. Exocytosis studied by grossly corresponds to the time integral of release in response to a long-lasting (20 sec) high-frequency (20 Hz) stimulation that includes the synchronous release, its dynamics of depression and the asynchronous release. Therefore, it cannot be compared with the amplitude of EPSCs evoked by single Aps, but rather with the integral of the charge released during sustained high-frequency stimulations.
Transmission Electron Microscopy. Autaptic hippocampal neurons and low-density cultures of hippocampal neurons were infected at 7-11 DIV with either scramble shRNA or PRRT2 shRNAs and processed for transmission electron microscopy (TEM). To unambiguously identify transduced neurons, we correlated the tGFP fluorescence signal with EM analysis. To do so, we identified tGFP-positive neurons at the epifluorescence microscope and marked their position by scratching the coverslip around the neuron with a pencil point diamond-tip glass-cutter. Neurons were fixed at 14-18 DIV with 1.2% glutaraldehyde in 66 mM sodium cacodylate buffer, post-fixed in 1% OsO 4 , 1.5% K 4 Fe(CN) 6 , 0.1 M sodium cacodylate, en bloc stained with 1% uranyl acetate, dehydrated, and flat embedded in epoxy resin (Epon 812, TAAB). After baking for 48 hrs, the position of the scratches on coverslips was detected under a stereomicroscope and marked on the resin block with a marker pen. The glass coverslip was removed from the Epon block by thermal shock and isolated autaptic neurons were identified by means of a stereomicroscope with the help of the pen marker positional clue. Embedded neurons were the excised from the block, and mounted on a cured Epon block for sectioning using an EM UC6 ultramicrotome (Leica Microsystems). Ultrathin sections (60-70 nm thick) were collected on 200-mesh copper grids (EMS) and observed with a JEM-1011 electron microscope (Jeol, Tokyo, Japan) operating at 100 kV using an ORIUS SC1000 CCD camera (Gatan, Pleasanton, CA). Low-density cultured neurons were studied using the same procedure. For each experimental condition, at least 30 images of synapses were acquired at 10,000x magnification (sampled area per experimental condition: 36 µm 2 ). Synaptic profile area, SV number, and distribution relative to the active zone (AZ) were determined using ImageJ software. For the 3D reconstruction, the standard TEM sample preparation protocol was followed, and samples were embedded in Epon resin. Serial 60-nm-thick sections were collected on carbon-coated copper slot formvar and carbon-coated grids, and serial synaptic profiles acquired. Serial sections were aligned using the Midas of IMOD. Synapses with one single AZ, at least one docked SV and >100 but <800 total SVs were reconstructed with the software IMOD. The quantitative analysis of synaptic density was performed using NIH ImageJ software. A counting frame of known area (8.67 x 5.78 µm) was created using Adobe Illustrator CS5 software and was superimposed to the hippocampal image; only the asymmetric and symmetric synapses present in each image and intersecting the right and superior edges of the frame were counted to obtain the synapse density. Volume density of the synapses was calculated from the two-dimensional count of synaptic profile, using the stereological formula N vs = N a /(H+t), where N a is the number of synapses per unit area, t is the section thickness and H is the mean tangent diameter (H = (πD)/4, where D is the mean diameter of the synaptic contact), as previously described (Kurt et al., 2004) . For the analysis of synaptic ultrastructure under stimulation, primary hippocampal neurons were infected as described above. Infected neurons were field stimulated at 14-18 DIV (7 days post-infection) with a train stimulation protocol of 30 s @ 10Hz with an insulated pulse stimulator (A-M Systems). Experiments were performed in Tyrode's buffer containing 50 µM APV and 10 µM CNQX. Immediately after the end of the train (0 s) and after 20 min recovery, neurons were fixed for electron microscopy in 1.25% glutaraldehyde in 66 mM sodium cacodylate buffer at 37 °C and then processed as described for the
